Therefore; many methods have been developed for the detection of MG and LMG at low levels. Several methods have been described for the determination of MG and LMG in a variety of matrices, including liquid chromatography, 2-6 gas chromatography, 7 capillary electrophoresis, 8 spectrometry, 9 and spectrofluorometry. 10 HPLC is commonly used to detect MG and LMG with different detection techniques, such as visible (VIS), 11, 12 fluorescence, 13 mass spectrometry, [14] [15] [16] [17] and electrochemical detection. Most of these methods using the postcolumn oxidation of LMG to MG with lead(IV) oxide (PbO2), [18] [19] [20] [21] or an electrochemical cell 22 are normally required. These techniques need expensive apparatus and reagents, and are also time-consuming. A sensitive, rapid and cheap method for analysis is still needed.
Electrochemical methods are widely used in many applications because they are simple, fast and economical. The electrochemical detection of MG has been reported using a carbon-fiber microelectrode 23 and a Pt electrode as a working electrode and a counter electrode, respectively. However, the sensitivity and reproducibility of electrodes were poor because the electrode surface was contaminated by fouling products and impurities. Boron-doped diamond thin-film electrodes can be used to eliminate these problems. The unique properties of BDD electrodes are more attractive, including a wide electrochemical potential window, a very low background current and long-term stability of the responses. 24, 25 BDD electrodes have been successfully used for the detection of various analytes, such as captopril, 26 acetaminophen, 27 tiopronin 28 and lincomycin. 29 No reports described the used of BDD electrodes for the detection of MG and LMG.
In the present work, we used the BDD electrodes to study the electrochemical oxidation of MG and LMG by cyclic voltammetry. In addition, the detection of these analytes was examined by FIA with amperometric detection.
Experimental

Reagents and chemicals
All reagents were of analytical grade, and all solutions were prepared by using deionized water. Malachite green oxalate and leucomalachite green were obtained from Sigma Chemical (USA). Sodium dihydrogen orthophosphate (BDH), sodium hydroxide (Merck) and phosphoric acid 85% (Merck) were used to prepare a buffer solution. A phosphate buffer solution with pH ranges from 2.0 to 8.0 were prepared from 0.1 M sodium dihydrogen orthophosphate, and adjusted to the desired pH using phosphoric acid and sodium hydroxide. MG and LMG were prepared by dissolving an appreciate amount of MG and LMG in the buffer solution. The solutions were prepared daily.
In order to characterize the homemade flow cell, concentrated sulfuric acid (BDH) was diluted to prepare a cleaning solution for a gold electrode. K4Fe(CN)6 (Riedel-de Haën) and KCl (Merck) were used as a probe and electrolyte, respectively.
Electrodes
The BDD electrodes were used as received without any further modifications. A GC electrode was purchased from Bioanalytical System, Inc. (area 0.07 cm 2 ). A gold disc electrode (φ 3 mm) that was used to characterize the homemade flow cell was purchase from Methrohm. Both GC, and gold electrodes were pretreated by sequential polishing with 1 and 0.05 µm of alumina/water slurries on felt pads, followed by rinsing with ultrapure water prior to use. In addition, the gold electrode was electrochemically cleaned by cycling in 0.1 M H2SO4 until a stable reductive current was obtained.
Cyclic voltammetric investigation
Electrochemical experiments were conducted out in a singlecompartment three-electrode glass cell. The BDD electrode was pressed against a smooth ground joint at the bottom of the cell, isolated by an O-ring (area 0.07 cm 2 ). Electrical contact was made by placing the backside of the Si substrate onto a brass holder. The GC carbon was used as a working electrode for a comparison. Ag/AgCl with a salt bridge and Pt wire were used as a reference electrode and a counter electrode, respectively. A voltammetric measurement was performed with the three-electrode system using Autolab Potentiostat 100 (Eco-Chemie, The Netherlands).
Flow injection with amperometric detection
The flow injection system consisted of a thin-layer flow cell (Bioanalytical System, Inc.) and a homemade flow cell, a 20 µL stainless-steel loop of injection port (Rheodyne 7725), a peristaltic pump, and electrochemical detection (Autolab potentiastat 100).
The carrier solution, 0.1 M sodium dihydrogen orthophosphate, was regulated at a flow rate of 1.0 ml min -1 . The thin-layer flow cell, through an electrochemical cell, consisted of a silicone rubber gasket as a spacer, a BDD electrode as the working electrode, a Ag/AgCl electrode as the reference electrode and a stainless-steel tube as a counter electrode (also function as an outlet of the flow cell). All experiments were performed at room temperature. In order to reduce the electronic noise, a copper faradaic-cage was used throughout the whole research.
HPLC chromatography coupled with a boron-doped diamond thin-film electrode
A HPLC column (Inersil ® ODS-3, C18, GL Sciences Inc., Japan) was added to the flow system. A mixture standard solution of MG and LMG (200 ppm) was injected. The mobile phase was prepared by mixing acetonitrile, and 0.1 M phosphate buffer (pH 2); (1:1 ratio) was regulated at a flow rate of 1.0 ml min -1 using a HPLC pump (Model 510, Waters). The operating potential was kept constant at 1.1 V vs. Ag/AgCl. Figure 2 shows a typical cyclic voltammogram for 1 mM of MG with a corresponding background current of 0.1 M phosphate buffer (pH 2) at 50 mV/s. A BDD electrode exhibited a well-defined and higher current response than a GC electrode (both the BDD and GC electrodes had the same electrode area). In addition, the background current of the GC electrode was much higher. Malachite green gave a higher current response than leucomalachite green, regardless of the BDD or GC electrodes that were used. Based on the literature, the electrochemical mechanisms of both compounds have not been investigated. However, it has been reported that MG can be oxidized by the azide radical, which is a well-known one-electron oxidant. 30 This oxidation reaction easily generates the MG radical due to the strong resonance electron-donating effect of the dimethylamino groups. Therefore, we believe that the electrooxidation process would occur via the MG/LMG radical at an N atom containing lone-pair electron (the easiest losing electron position).
Results and Discussion
Cyclic voltammetry
Two anodic peaks obtained for MG at the GC electrode could have resulted from an electrochemical "ECE" reaction (electron 112 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22
transfer followed by a chemical reaction, which in turn produces a new electroactive species). In the case of the BDD electrode, the second peak of MG should have been observed if the potential was swept further to the anodic direction. According to the property of the BDD electrode, the potential should be stopped before exceeding 1.2 V to avoid oxide formation on the surface. The slight shift of the oxidation peak on the BDD electrode would be affected by the slower kinetic. The reduction peak of MG was found at 0.35 V in a reversed scan, and the potential difference between Eox and Ered was much larger than 59 mV/n (in this case n = 1), indicating that this electrooxidation was a quasi-reversible process.
For LMG, no reduction peak was observed on the reversed scan, and only one anodic peak was obtained. This evidence made clear that the oxidation of LMG was an irreversible process, and could be an electrochemical "EC" reaction (electron transfer followed by a chemical reaction). The difference in the electrochemical response between MG and LMG can be affected by the structures (Fig. 1 ) of both compounds. LMG is neutral, whereas MG is positively charge molecule.
pH effect
The effect of the pH was investigated from pH 2 -8 for malachite green. It was found that the higher was the buffer pH, the smaller was the oxidation peak. It was reported that malachite green has two forms, depending on the pH. 31 The initial strong green color of MG was obtained at a low pH (acidic), while in an alkaline aqueous solution, it was converted to a colorless carbinol form. From this study, MG provided the highest oxidation peak at pH 2 at the BDD electrode, and the lowest response at pH 8. It could be explained that the higher is the pH, the smaller is MG due to the conversion of the MG form to carbinol form.
It also has been found that the pH affects the solubility of both MG and LMG. Because MG has less polarity than water, H + in an acidic solution would protonate on the N atom and increases the polarity of the molecule. Therefore, decreasing the buffer pH would help the compound to dissolve in water. LMG has a solubility problem as well. It couldn't dissolve in a buffer between pH 3 and pH 8. Only in a buffer pH 2, could LMG be dissolved, and provided the oxidation peak. Therefore, a buffer of pH 2 was chosen to prepare both MG and LMG in all experiments.
Scan rate dependence study Figure 3 shows the cyclic voltammetric response of 1 mM malachite and leucomalachite green at the BDD electrode in a 0.1 M phosphate buffer of pH 2 with a variation in the scan rate from 0.01 to 0.3 V/s. A plot of the oxidation current versus the square root of the scan rate, ν 1/2 , was highly linear (r > 0.99) for both compounds, as shown in the inset of the figures. The results indicate that the electrochemical reaction is a diffusioncontrolled process.
Characterization of the homemade flow cell
A homemade flow cell (as shown in Fig. 4 ) was constructed from thermoplastic (Plexiglas). This kind of material provides a moderate chemical-resistance, when compared with Teflon or PEEK (polyether-ether-ketone), but is still suitable for an electrochemical system with an aqueous electrolyte or buffer. Because Plexiglas is transparent, any bubble or stain that could be trapped inside the flow cell would be observed quite easily. The thin-layer configuration was chosen to design and construct the flow cell. The BDD electrode was placed upstream in order to avoid any possible contamination of an electrochemical byproduct from the counter electrode.
The mass-transport behavior of the homemade flow cell was characterized using a well-known equation, 32
where Ilim is the limiting current (mA), Vf is the rate of solution flow (express as a volume per unit of time, normally in cm 3 /s) 113 ANALYTICAL SCIENCES JANUARY 2006, VOL. 22 and y is an exponent that depends on the cell design. In order to ensure that the solution flow is laminar, a solution of 0.1 M K4Fe(CN)6 in 0.1 M KCl was pumped into the flow cell continuously and the limiting current was recorded as function of Vf. A plot of log Ilim as "y" against log Vf as "x" should be linear with a gradient of 0.33 for a simple flow cell. A peristaltic pump was used with a variation of the flow rate from 0.005 to 0.06 cm 3 /s (0.3 to 3.6 mL/min). A plot of log Ilim and log Vf was linear with a gradient of 0.31, which is slightly different from the expected value.
Flow injection analysis with amperometric detection
In order to obtain the optimal potential for amperometric detection in flow injection analysis, the hydrodynamic behavior of malachite and leucomalachite green were studied. Figure 5a shows a hydrodynamic voltammetric I-E curve obtained at the BDD electrode for 20 µL injection of 0.05 mM of malachite green in 0.1 M phosphate buffer (pH 2). Each point represents the average value of a triplicate injection. The background current at each potential is also shown for a comparison. In the case of the commercial flow cell, the S/B ratio at each point was calculated to obtain the optimum potential. The hydrodynamic voltammetric S/B ratios versus the potential curve are shown in Fig. 5b with the maximum ratio at 0.85 V. The optimal potential for the amperometric detection of leucomalachite green was also calculated in the same way.
In case of the homemade flow cell, the hydrodynamic voltammogram of both malachite and leucomalachite green exhibited a sigmoidal curve (as shown in Fig. 6 ). Therefore, the optimal potential was simply chosen from the hydrodynamic voltammogram at the point that gave a steady-stead current, which was 1.1 V for both compounds. The results are given in Table 1 . The difference in the terms of the hydrodynamic behavior and the optimal potential between both flow cells could be affected by the cell geometry (the position of WE, RE and CE).
At the chosen operating potential, a series of repetitive 20 µL of each compound were injected. The current signal increased along with increasing the concentration. For the commercial flow cell, the BDD electrode provided a linear concentration range of 0.1 -100 µM and 0.8 -80 µM for malachite green and leucomalachite green, respectively.
In the case of the homemade flow cell, the linear concentration range for leucomalachite green was smaller. The limits of detection (LOD) of both compounds were obtained at concentrations as low as 50 nM, at S/N > 3, regardless of the commercial or the homemade flow cell. The reproducibility of the response was also investigated. Figure 7 shows the current response to 0.2 mM malachite green by using the homemade flow cell (flow rate, 1 mL/min; operating potential, 1.1 V vs. Ag/AgCl). The well-defined signals without any peak tailing indicate that the homemade flow cell was working properly.
The results are also summarized in Table 1 .
HPLC chromatography coupled with a boron-doped diamond thin film electrode
It is the limitation of an as-deposited BDD electrode that can not be used for the selective determination both a high and low operating potential. To amend this weak point, a separation technique, such as HPLC, has to be employed to separate all species before detection using the BDD electrode. Figure 8 shows the chromatogrphic signals of a mixture solution of the standard MG and LMG (5 ppm) by using the BDD electrode as an amperometric detector.
The determinations of malachite green and leucomalachite green in real samples using the BDD electrode as an amperometric detector for HPLC are now being investigated. A homemade Teflon flow cell was used in order to increase the chemical resistance from the organic mobile phase. By using sample preparation methods from literature surveys, both compounds can be detected at the BDD electrode without any interference.
Conclusions
This is the first report concerning the electroanalysis of malachite green and leucomalachite green by using BDD thin-film electrode. This electrode has exhibited excellent performance for the oxidative detection of both compounds. Well-defined voltammograms were obtained at the BDD electrode, which exhibited high sensitivity, and demonstrated a significant advantage over the GC electrode. Flow injection analysis with amperometric detection using the BDD electrode provides a linear concentration range of 0.1 -100 µM and 0.8 -80 µM for MG and LMG, respectively. The detection limit for both compounds is remarkably low (50 nM). The design of the homemade flow cell is simple, but provides reliable results at a relatively low cost. The results also indicate that the BDD electrode has a potential to be used as a detector for other systems.
The determinations of malachite green and leucomalachite green using the BDD electrode and a new Teflon flow cell as an amperometric detector for HPLC are now in progress. FIA, Flow injection analysis; BAS, Bioanalytical System, Inc.; %RSD, % relative standard deviation; LOD, limit of detection; MG, malachite green; LMG, leucomalachite green. Fig. 7 Flow injection signals of 0.2 mM malachite green in a 0.1 M phosphate buffer (pH 2) at a flow rate of 1 ml min -1 . The signals were obtained from a homemade flow cell (at 1.1 V vs. Ag/AgCl). 
